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Abstract. Narrowband spikes of the decimeter type have
been identified in dynamic spectrograms of Phoenix-2 of
ETH Zurich and located in position with the Nanc¸ay Ra-
dioheliograph at the same frequency. The spike positions
have been compared with the location of hard X-ray emis-
sion and the thermal flare plasma in soft X-rays and EUV
lines. The decimetric spikes are found to be single sources
located some 20” to 400” away from the flare site in hard
or soft X-rays. In most cases there is no bright footpoint
nearby. In at least two cases the spikes are near loop tops.
These observations do not confirm the widely held view
that the spike emission is produced by some loss-cone in-
stability masering near the footpoints of flare loops. On
the other hand, the large distance to the flare sites and
the fact that these spikes are all observed in the flare de-
cay phase make the analyzed spike sources questionable
sites for the main flare electron acceleration. They possi-
bly indicate coronal post-flare acceleration sites.
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1. Introduction
The acceleration of large numbers of particles in flares is
an old, major enigma in solar physics. Not only the ques-
tion concerning the predominant mechanism is unsolved,
even the location of acceleration is unclear.
Nevertheless, over the past decade crucial observations
on small relatives of flares have accumulated. They evi-
dence that short narrowband radio bursts in meter wave-
lengths are signatures of the acceleration process. Benz et
al. (1996) have shown that narrowband metric spikes in
general correlate with type III bursts starting at slightly
lower frequencies. The metric spikes have been found by
Paesold et al. (2001) to be located generally on the exten-
sion of type III trajectories and suggest a model of energy
release taking place in or close to the spike sources. Mod-
eling coronal densities (Paesold et al. 2001) and spatially
resolved observations of metric spike events (Krucker et
al. 1995; 1997) put the sources at altitudes of 2× 1010cm
and more. Similarly, type I radio bursts in noise storms
have been found e.g. by Raulin et al. (1994) to be ac-
companied by a delayed continuum radio emission and a
soft X-ray brightening. The similarity of spikes and type I
bursts has been emphasized previously (Benz 1985). Both
noise storms and metric spike/type III bursts are not asso-
ciated with regular, hard X-ray and centimeter-wave emit-
ting flares. The short duration and the narrow bandwidth
suggest a small source size and therefore a high radio
brightness temperature (order of 1015 K). Only a coher-
ent mechanism can account for the emission, but none of
the published mechanisms is generally accepted. A model
proposed by Benz & Wentzel (1981) suggests type I radi-
ation to originate in the acceleration region, where waves
driven by unstable currents couple with Langmuir waves
produced by accelerated electron beams. Similar processes
have been proposed for narrowband spikes in the decime-
ter range (cf. below).
The situation is much less clear for narrowband spikes
at decimeter wavelength. The term ’narrowband, millisec-
ond spikes’ has been introduced for them referring to nar-
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rowband (few percent of the center frequency) and short
(few tens of ms) peaks above 1 GHz (Droege 1977; Slottje
1978). Originally, they were reported to occur in the rise
phase of centimeter radio bursts and thus to be associ-
ated with major flares. The association rate with hard X-
ray flares is high (Benz & Kane 1986; Gu¨del et al. 1991).
However, a delay of spike groups and hard X-ray peaks
of the order of a few seconds has been noted (Aschwan-
den & Gu¨del 1992). Moreover, spikes have been discovered
also in decimeter type IV bursts occurring after the HXR
emitting phase of flares (Isliker & Benz 1994). Contrary
to their relatives at meter waves, decimetric spikes do not
correlate with type III bursts.
The emission process of decimetric spikes is highly
controversial. Originally, a loss-cone instability of trapped
electrons has been proposed to produce electron cyclotron
maser emission at the footpoints of flare loops (Holman et
al. 1980; Melrose & Dulk 1982). To avoid the assumption
of high magnetic field strength in the source, the model
has been changed to emission of upper-hybrid and bern-
stein modes (Willes & Robinson 1996). The scheme can
interpret occasional harmonic emission in decimeter spikes
(Benz & Gu¨del 1987; Krucker & Benz 1994). Alternatively,
Tajima et al. (1990) and Gu¨del &Wentzel (1993) proposed
the spike sources to be in the acceleration regions of flares
and to result from waves produced by the acceleration
process.
Here we set out to test the predictions of the two
emission models concerning the source position of nar-
rowband decimeter spikes. In the loss-cone scenario, the
spike emission is a secondary phenomenon located near
the footpoints of flaring loops. Hard X-ray sources, pro-
duced by precipitating electrons have been found at foot-
points of such loops (Duijveman et al. 1982). Thus the
loss-cone scenario predicts (i) spikes to occur at similar
locations when seen from Earth. (ii) As hard X-rays often
have double sources, the spikes may behave similarly (as
proposed by Conway & Willes 2000). In the acceleration-
region scenario on the other hand, the spikes are expected
to originate from single sources at some distance from the
footpoints, at higher altitude, possibly at the top of loops,
and to be single sources.
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Previously, Gary et al. (1991) have reported imaging
observations of possible decimetric spikes at 2.8 GHz orig-
inating some 25” from the gyrosynchrotron source. An ob-
servation at 5.7 GHz of a limb flare reported by Altyntsev
et al. (1995) suggests the spikes to be located within the
region of gyrosynchrotron emission about 35 Mm above
the photosphere. These observations did not have spectral
resolution to confirm the narrowbandedness of the emis-
sion. As there are several other types of short duration
coherent emission in the decimeter range, the identifica-
tion of these observations as narrowband spikes remains
controversial.
Here we start out from spike events that are well identi-
fied by spectrometer observations and locate their position
with simultaneous measurements by an interferometer ob-
serving at the frequencies of spike emission. The position
of the radio emission is then compared with imaging ob-
servations in hard X-rays, if available. Finally, the sources
are put into the context of the thermal coronal plasma
and field geometry as imaged by coronal EUV lines and
soft X-rays.
2. Instruments and Observations
2.1. The Phoenix-2 spectrometer
The Phoenix-2 spectrometer operated by the ETH Zurich
in Bleien (Switzerland) since 1998 is continuously record-
ing radio data from sunrise to sunset. The full Sun flux
density and circular polarization are measured by the
frequency-agile receiver in the range from 0.1-4.0 GHz at
a time resolution of 500 µs for single channel measure-
ments. A description of the instrument can be found in
Messmer et al. (1999). The data used herein were recorded
at a bandwidth of 1 MHz and a time resolution of 100 ms
in the frequency range from 220 to 553 MHz, chosen for
collaboration with the Nanc¸ay Radioheliograph. In addi-
tion, the frequencies of 1415 and 2800 MHz were recorded.
As Phoenix-2 polarization measurements were intermit-
tent and partially unreliable in the observing period, the
NRH data were used.
2.2. The Nanc¸ay Radioheliograph (NRH)
The 2D-imaging radioheliograph in Nanc¸ay (France) is a
43 element interferometer dedicated to solar observations
(Kerdraon & Delouis 1996). Up to 10 frequencies in the
range from 150-450 MHz can be observed simultaneously
at a maximum number of 200 images per second. The
antennas are placed in two perpendicular arrays and digi-
tally correlated in 576 channels. The Stokes parameters I
and V are measured. The observing bandwidth is 700 kHz.
Data for this analysis were taken at the center frequencies
of 164.0, 236.6, 327.0, 410.5, and 432.0 MHz, and with a
mean time resolution of 120 ms. The relative accuracy of
source positions is limited by noise and digitization (pixel
size).
2.3. The Hard X-ray Telescope
Data from the Hard X-ray Telescope (HXT, Kosugi et al.
1991) on the Yohkoh spacecraft are used when available.
2.4. Coronal EUV and Soft X-ray Observations
Observations of the thermal background plasma of the
corona are used to locate the spike sources and hard X-
ray emission in the active region and the thermal flare
plasma. Simultaneous observations in either coronal EUV
lines or soft X-rays were preferred. If not available, prox-
ies close in time were used. Yohkoh, EIT, and TRACE
took the data that were finally employed. The Soft X-ray
Telescope (SXT) on-board Yohkoh (Tsuneta et al. 1991)
provided full and partial disk images in the 0.25 - 4 keV
energy range with pixel sizes down to 2.45”. Five differ-
ent filters can be positioned in front of the detector array
to estimate isothermal temperatures and emission mea-
sure. The Extreme ultraviolet Imaging Telescope (EIT)
onboard the Solar and Heliospheric Observatory (SoHO) is
a normal-incidence, multilayered mirror instrument (De-
laboudinie`re et al. 1995) having a spatial resolution of
2.6”. We used mostly the wavelength band at 195 A˚ that
includes a line of Fe XII, sensitive to coronal plasma in
the temperatures range 0.5 to 2.0 ×106K. TRACE data
(Handy et al. 1999) at 195 A˚ were also used.
2.5. Selection of Events
Calibrated data from observations of Phoenix-2 were
searched for decimetric spike emission. Decimetric spikes
are easy to distinguish from metric spikes in dynamic spec-
trograms. They appear in clusters of spikes over a total
bandwidth with a maximum-to-minimum frequency ratio
of more than a factor of two. The minimum frequency is
usually higher than 300 MHz. Only spike events were se-
lected that included at least one frequency observed by
the Nanc¸ay interferometer to locate the radio emission.
This requirement limited the choice of events to the low-
est frequencies where decimetric spikes occur.
Five events were found in the recent data. Three of
them occurred on the same day, but all had different
appearances in the spectrogram.
2000/07/12: Decimeter spikes appeared in similar clusters
at the times around 10:46, 10:53, 11:01, and 11:04 UT
in the frequency range from about 400 to beyond the
maximum observing frequency at 553 MHz. The associ-
ated flare was of GOES class X1.9. The centimeter waves
peaked at 10:31 - 33 UT, but lasted until 11:07 UT at 15.4
GHz (Solar and Geophysical Data). San Vito reported an
Hα flare location of N17E27. The 2800 MHz flux showed
a small, gradual enhancement peaking at the time of the
spike emission.
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2000/07/12: A different group of spike clusters was ap-
parently associated with an Hα flare location at N17E18
peaking at 11:49 UT. The first three spike clusters, at
11:55, 11:58 and 12:01 UT have similar spectra. Spikes
are observed in the range from 250 – 500 MHz. Above
that frequency a continuum emission is associated. The
fourth event at 12:11 UT shows spike emission up to the
limiting frequency of 553 MHz. Again, weak 2.8 GHz
emission was associated.
2000/07/12: At 13:39 UT a cluster of spikes similar
to the forth cluster in the previous event occurred. There
was very little flux registered in the 2.8 GHz channel, but
a simultaneous enhancement can be noticed. Contrary to
the previous events, the polarization of the cluster is not
complete, but amounts to 75±10 % left circular.
2000/07/20: A cluster of spikes was recorded start-
ing at 12:05 UT. A possibly related soft X-ray event
had its maximum some 10 minutes before. No centimeter
wave emission was reported, but the 2.8 GHz channel
of the Phoenix-2 spectrometer recorded a weak, exactly
simultaneous enhancement during the spike activity. The
polarization of the spikes is intermediate (40±10 % left
circular).
2000/09/23: A centimeter burst was reported up to
8.8 GHz, peaking at 11:05 UT, the start time of the
spikes. Their circular polarization is low (0 – 40 % left).
At 2.8 GHz the emission reached the maximum at the
same time as the spikes.
For none of the events a coincident major peak in hard
X-rays or centimeter emission has been reported. We note
that all selected events occurred after the main flare peak.
Although this is not unusual, it is not consistent with the
initial reports of narrowband spikes at decimeter waves
that were made at higher frequencies (cf. Section 1). Nev-
ertheless, the selected events show a gradual enhancement
at 2.8 GHz in all cases. It is simultaneous with the spikes
within seconds and may be interpreted as gyrosynchrotron
emission.
High polarization of spikes is not untypical for deci-
metric spikes near the center of the solar disk. Beyond
about 260 arcseconds from disk center, intermediate
and low polarizations have also been reported (Gu¨del &
Zlobec 1991)
Examples of radio spectrograms of decimetric spikes
are presented in Figs. 1, 2, 6, and 8. When seen at high
time resolution, the individual spikes do not appear to be
different. However the appearance of the cluster and the
context of other radio emissions vary considerably among
these examples. In Figure 1 the spikes extend over a rela-
tively narrow range of frequencies, and a decimetric con-
tinuum extending beyond 1415 MHz was simultaneously
emitted at higher frequency. Figure 2 presents an exam-
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Fig. 1. Top: Spectrogram observed by Phoenix-2 on
2000/07/12. Bright pixels correspond to enhanced flux;
the frequency axis is from top to bottom. The arrows in-
dicate the frequencies observed by NRH. Bottom: NRH
light curves at 327 MHz of the three major sources present
on the solar disk.
ple of a very rich cluster of spikes that occurred only 16
minutes later than the event of Fig.1. Even richer was the
event at 13:39 UT. Individual spikes were less an less vis-
ible in the three events on the same day.
3. Results
3.1. Positions of Narrowband Spikes
Figure 1 shows the dynamic spectrum (total power, Stokes
I) from 220 MHz to 553 MHz of the first spike cluster in
the second event on 2000/07/12. Spikes can be found in
the frequency range from 250 to 450 MHz. At higher fre-
quencies, a broadband continuum appears simultaneously.
Three radio sources were seen at 327 MHz on the solar
disk at the time of the spikes (cf. time profiles in Figure
1). However, only the strongest source correlates with the
spikes seen in the spectrogram. It is indicated in Fig.3.
A very different cluster of spikes is shown in Fig. 2. It
occurred 15 minutes after the spikes shown in Fig. 1 and
seems to be also part of the second event on 2000/07/12.
The cluster contains much more spikes, which extend from
about 250 MHz to beyond 550 MHz. Individual spikes
have bandwidth and duration similar to the ones in Fig.
1.
The positions of the two spike clusters are shown in
Fig. 3. The centroids of the sources at 327, 410, and 432
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Fig. 2. Spectrogram of a rich cluster of spikes observed
by Phoenix-2 on 2000/07/12. The arrows indicate the fre-
quencies observed by NRH.
Fig. 3. SXT/Yohkoh image (AlMg filter, 2.45” resolution)
of the flaring region at 12:07:45 UT on 2000/07/12. The
centroid positions of the spike sources at 327 MHz as ob-
served by the NRH are drawn with error bars represent-
ing their scatter in time. Group 1: 11:54:40 - 11:56:15 UT
(Fig.1); group 2: 12:10:40 - 12:11:20 UT (Fig.2).
(only observable in group 2) are coincident within the scat-
ter in time. The temporal scatter of the centroid indicated
by the error bars varies with frequency and event. It is
usually about 11”, given by the pixel size used for image
reconstruction, and often exceeding the statistical scatter
of about 3” (depending on flux). The two clusters origi-
nate from different sources that are 140” apart. Both are
not located in regions of high soft X-ray emissivity or near
bright footpoints. On the other hand they are not asso-
Fig. 4. Spike positions in the course of the X1.9 event on
2000/07/12 superposed on an SXT/Yohkoh image (AlMg
filter, 5” resolution) taken at 10:21:18 UT. The centroid
positions of the spike sources at 432 MHz as observed by
the NRH are drawn with error bars representing their scat-
ter in time. Group 2 (large error bars): 10:53:20 - 10:53:40
UT; group 3 (small error bars): 11:01:00 - 11:01:10 UT.
The hard X-ray intensity at 10:30:40 UT as observed by
HXT/Yohkoh (M1 channel) is displayed by isophotes.
ciated with the brightest flare loops either. They rather
seem to be located close to diffuse soft X-ray features,
similar to metric spikes (Paesold et al. 2001, Fig. 6).
Figures 1 to 3 indicate diversity of narrowband spike
events in the dynamics of the same flaring region. The
positional information suggests that the radio emission
originates in different loops.
3.2. Comparison with Hard X-rays
Figure 4 shows the coincident positions of two spike groups
in relation to the hard X-rays at peak flux and the ther-
mal plasma. The first group of spikes on July 12, 2000,
appeared 8 minutes after an X1.9 flare and during a time
of enhanced hard X-ray emission. The spike positions are
relatively stable in time and very similar in frequency.
The spikes were located at 80” from the hard X-ray max-
imum. In fact, they were farther away from the main flare
site than in the following, much smaller flare (Fig.3). The
spikes originated from a region of low emissivity. The im-
age of Fig.4 shows the spikes in apparent association with
an amorphous patch of weak soft X-ray emission, possibly
a faint small loop system south of the hard X-ray source. If
the spikes were located at footpoints of loops, they would
not be in the same loops as the ones containing the hard
X-ray emitting electrons.
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Fig. 5. Centroid positions of spikes observed on
2000/07/12 13:38 - 13:40 UT at 432, 410, 327, and 236
MHz by the NRH (from left to right). They are super-
imposed on a TRACE image at 195 A˚ with 1” resolution
showing the difference between the image at the end of
the spike event and the image just before.
3.3. Comparison with Changes of the Thermal Coronal
Plasma
More structure of the active region can be seen in Fig.5
taken by TRACE during the occurrence of the third spike
event on the same day. The EUV observations in Fe XII
outline the thermal plasma in the temperature range 0.5
- 2.0 MK. Images at intervals of 40 seconds are available.
Figure 5 displays a difference image where regions that
increased their emission during the spike event are shown
bright. A brightening indicates an increase in the emission
measure of plasma in the sensitive range by heating and
filling flux tubes with additional material or cooling of
material previously hotter than 2 MK. In both cases it
points to a location of rapid change.
Within the two minutes duration of the spike event,
two major brightenings occurred: a thin, long loop extend-
ing to the Northwest and a loop extending to the North-
east, possibly shortened by projection. The spike centroids
are in-between, overlaying approximately a bright soft X-
ray structure recorded by SXT a few minutes before the
event.
The event of Fig.5 is the only one in which the cen-
troid positions at the various frequencies do not coincide.
The sequence of positions is according to frequency, in-
dicating a real effect. The spikes form a rich cluster in
the spectrogram extending beyond the spectrum observed
by Phoenix-2. In the low frequency part, drifting chains of
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Fig. 6. Spectrogram (top:) and 2.8 GHz flux (bottom)
observed by Phoenix-2 on 2000/07/20. Note spike cluster
extending from 260 MHz to 420 MHz. Regular type III
bursts occur early in the event in the frequency range 330
- 430 MHz.
spikes can be seen. As previously noted, this cluster differs
from the previous ones in its lower circular polarization. It
cannot be excluded that this cluster represents a different
type of emission.
3.4. Narrowband Spikes and Other Radio Observations
Figure 6 presents a rich cluster of spikes at exceptionally
low frequencies. However, the latter did not exclude an
associated 2.8 GHz emission that correlates well with the
spikes and peaks at the maximum of the spike activity.
The spike centroids observed at two frequencies coin-
cide within the error bars defined by the positional scatter
of the sources in time. Figure 7 shows the position in a re-
gion at a large distance from the main active region in
an area of very low Fe XII emissivity. All nearby loops
appear to bend away from this position. The average po-
sition is more than 30” apart from the nearest structure
discernible at 195 A˚.
In addition, a group of more than 15 type III bursts
occurred between 12:04:55 and 12:05:25 UT early in the
event, but simultaneous with weak spike activity at lower
frequency. The bursts have negative frequency drifts, in-
dicative of electron beams propagating upward in the
corona. The type III position at 410 MHz is about 320”
Northwest of the spikes. Though they occur in the same
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III
Fig. 7. Centroid positions of spikes (error bars) on
2000/07/20 (cf. Fig.6) at 327 and 410 MHz (coinciding).
The position of type III bursts (III) at 410 MHz is also
indicated. They are superimposed on an EIT image ob-
served at 12:05:11 UT in 195 A˚. Its spatial resolution is
2.62”.
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Fig. 8. Spectrogram of radio emission observed by
Phoenix-2 on 2000/09/23. A variety of types of emission
is discernible: decimetric spikes extending from 400 MHz
to beyond 550 MHz; drifting pulsations 270 - 430 MHz in
the early phase until 11:03:50 UT, after that a very reg-
ular train of more than hundred pulsations with a period
of 0.98 s, and meter wave activity throughout the event.
active region at nearly the same time, the relation between
the two types of radio emission is unclear.
The spikes on 2000/09/23 (Fig.8) were at relatively
high frequencies. Nevertheless, a few spikes did occur at
the highest frequencies observable by the NRH. The source
positions could reliably be determined from the compar-
*
Fig. 9. Centroid positions of the spike cluster at 420 and
432 MHz (coincident, same error bars) on 2000/09/23 ob-
served with NRH. Also shown is the position of pulsations
at 410 MHz (asterisk). They are superimposed on an EIT
image observed at 11:12:10 UT in 195 A˚ with a spatial
resolution of 2.65”.
ison of identified spikes in the spectrogram and the time
profile of the various sources observed on single frequen-
cies.
The positions of the spikes at 410 and 432 MHz are
identical within the scatter in time. They are located (in
projection) on the top of a bright soft X-ray loop (Fig.9).
The associated loop has a height of about 300” (a third
of a solar radius in projection). Loops can be seen further
out in overexposed images but are much fainter.
More than a hundred pulsations with regular periods
of 0.95 s can be seen in the spectrum (Fig.8) from 310 to
440 MHz. Spikes and pulsations overlap between 400 and
440 MHz They can easily be separated in the image. The
sources of the pulsations at 327 and 410 MHz are found
Northeast of the spikes, separated by 60” - 235”. Fur-
thermore, the positions of the pulsations at different fre-
quencies are significantly displaced from each other, even
when measured at the same time. In none of them are
nearby loop tops visible. The positions rather correspond
(in projection) to the middle part of very large, bright
loops possibly of the same loop system.
Decimetric pulsations are generally interpreted by loss-
cone emission of trapped energetic electrons (review by
Kuijpers 1980). The hypothesis suggests that most emis-
sion occurs at intermediate loop heights where the up-
per hybrid frequency matches a harmonic of the electron
gyrofrequency. This scenario is supported by the present
observation.
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4. Discussion and Conclusions
The requirement to choose decimetric spike events at low
frequency to be observable with the NRH has produced a
selection of five events that all occurred in the flare decay
phase. The analysis indicates that
1. Generally, spike sources are not found at footpoints
of flare loops as indicated by soft X-ray or coronal EUV
emissions. Only one case (Fig.7) seems to be nearer to
footpoints than loop tops, but the footpoints are not those
of the main flare loops. There are two clear cases (Figs. 4
and 9) and three possible cases (two in Fig. 3 and one in
Fig. 5) of a coincidence with a loop top in projection.
2. Consistent with this, we find the spike sources at
very distant locations from the site of hard X-ray emission
(Fig.4). The angular distance from the main soft X-ray or
EUV loops is 20” to 400”. Only in one case (Fig.5), does
the spike sources coincide with strong soft X-ray emission,
which may be a projection effect.
3. None of the spike sources was found to be double at
a given time.
4. The spike sources, if measured at different frequen-
cies, appear to be located at the same site within the in-
trinsic scatter they have in time (Figs. 4, 7, and 9). There
is however a clear exception (Fig.5), where the positions
are spread according to frequency.
5. There may be more than one source of spike emission
in the course of an event. In Fig. 3 a case is shown where
two clusters separated by 16 minutes in time originate
from widely different places in the same active region.
6. Other radio emissions at the same frequency may
originate at far away positions, such as observed for simul-
taneous type III bursts (Fig. 6) and decimetric pulsations
(Fig. 8).
The fact that the spike sources are found far away
from the major flare site may be related to the low fre-
quency events we have selected. Combined with their oc-
currence after the main flare phase, they are unlikely to
be the main sites of flare electron acceleration. Neverthe-
less, these spike sources cannot be excluded as secondary
acceleration sites as they have all been associated with 2.8
GHz radiation of potential gyrosynchrotron origin. Thus
we suggest that the observed spikes are related to the re-
arrangement of the coronal magnetic field after the main
flare at lower altitude. They may be indicative of post-flare
high-corona acceleration sites.
Narrowband spikes at decimetric frequencies have been
reported in the flare rise phase and main phase, even at
low frequencies (Benz 1985). It will be interesting to inves-
tigate the above findings on the location of spikes earlier in
the flare and at higher decimetric frequencies. More sensi-
tive and precise information on hard X-rays are urgently
needed. Such a work is well suited for the pending HESSI
mission.
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